SPAK and OSR1 are two protein kinases that play important roles in regulating the function of numerous ion co-transporters. They are activated by two distinct mechanisms that involve initial phosphorylation at their T-loops by WNK kinases and subsequent binding to a scaffolding protein termed MO25. To understand this latter SPAK and OSR1 regulation mechanism, we herein show that MO25 binding to these two kinases is enhanced by serine phosphorylation in their highly conserved WEWS motif, which is located in their C-terminal domains. Furthermore, we show that this C-terminal phosphorylation is carried out by WNK kinases in vitro and involves WNK kinases in cells. Mutagenesis studies revealed key MO25 residues that are important for MO25 binding and activation of SPAK and OSR1 kinases. Collectively, this study provides new insights into the MO25-mediated activation of SPAK and OSR1 kinases, which are emerging as important players in regulating ion homeostasis.
Introduction
Ste20-related proline-alanine-rich kinase (SPAK) and oxidative-stress-responsive kinase 1 (OSR1) are two serine/threonine protein kinases that are involved in the regulation of cellular ion homeostasis [1, 2] . The amino acid sequences of SPAK and OSR1 are 68% identical and share a highly conserved 92amino acids C-terminal (CCT) domain that mediates their binding to upstream and downstream protein partners [3] (Figure 1A) . The involvement of SPAK and OSR1 kinases in regulating ion homeostasis is a result of their ability to manipulate the function of a series of sodium, potassium and chloride ion cotransporters, such as NKCC1 and 2, NCC and KCC [1, 2] (Figure 1A) , which regulate blood pressure [4] .
The activation of SPAK and OSR1 kinases is triggered by phosphorylation at their T-loops, T-185 for OSR1 and T233 for SPAK (Figure 1A) , by the WNK family of protein kinases [5] whose mutations cause hypertension in humans [6] . Beyond T-loop phosphorylation, WNK kinases are known to phosphorylate SPAK and OSR1 at serine residues on their C-terminal motif (www.phosphosite.org) though the roles of such phosphorylation remains unclear. The catalytic activity of WNKphosphorylated SPAK and OSR1 kinases is further enhanced by binding to a scaffolding protein known as mouse protein 25 (MO25) [7] . In humans, two isoforms (α-and β-) of MO25, which share 79% sequence identity, exist and they form key components of numerous protein complexes that perform diverse biological functions [8] . The binding of MO25 to WNK-phosphorylated SPAK and OSR1 kinases leads to 80-to 100-fold increase in their in vitro catalytic activity, respectively [7] . In cells, siRNA knockdown of MO25α resulted in a significant reduction in SPAK and OSR1 phosphorylation of their physiological substrate NKCC1 [7] .
Beyond binding to SPAK and OSR1 kinases, MO25α along with the pseudokinase STRADα forms a heterotrimeric complex with the tumor suppressor kinase LKB1 [9] that phosphorylates numerous AMPK-related kinases [10, 11] . The crystal structure of this heterotrimeric protein complex [12] as well as that of MO25α in complex with STRADα [13] shows that one of the key regions of STRADα that is responsible for binding to MO25 is a C-terminal region that contains a WEF motif. Indeed, mutations in the WEF motif of STRADα resulted in a loss of binding to MO25α [12] . Sequence alignment of human SPAK and OSR1 kinases with human STRADα shows the WEF motif of STRADα (aa. 329-431) aligns perfectly with a conserved WEW motif on SPAK and OSR1 kinases, aa. 384-386 and 336-338, respectively (Supplementary Figure S1) [7] . We previously showed that the WEW motif of SPAK and OSR1 was essential in binding MO25 as mutations in either tryptophan (W) residues in this motif resulted in a significant loss of binding to MO25 that was translated into poor activation of SPAK and OSR1 [7] . The WEW motif of SPAK and OSR1 kinases is followed immediately by a serine residue while for STRADα such residue was not present as the WEF was the final motif of the protein sequence.
Given that this serine residue is reported to get phosphorylated (www.phosphosite.org), we were intrigued by the possible impact of this phosphorylation on MO25 binding to SPAK and OSR1.
Material and Methods

Reagents and standard experimental procedures
Detailed reagents and general experimental procedures such as immunoblotting and in vitro kinase assays are provided in the Supplementary Data.
Peptide pull-down and MS analysis
Cell lysates from HEK293 cells were centrifuged for 15 min at 14,000 rpm at 4 °C and the protein concentration was determined by Bradford. 15 mg of total protein lysate was precleared incubated 3 times with 15 uL of streptavidin beads. 3 mg of the precleared lysate was incubated with 3 µg of each of the following peptides: biotin-C12-TEDGDWEWSDDEMDEK, biotin-C12-TEDGDWEWS*DDEMDEK or biotin-C6-SEEGKPQLVGRFQVTSSK for 10 min at 4° C under gentle agitation. This was followed by the addition of 15 uL of Streptavidin-Sepharose (pre-equilibrated in lysis buffer) slurry beads to every sample. As a reference, 3 mg of the precleared lysate was also incubated with 15 uL of Streptavidin-Sepharose (pre-equilibrated in lysis buffer) slurry beads. After further 5 min incubation at 4 °C under gentle agitation, the sample was centrifuged for at 5,000 rpm at 4 °C for 2 min. The beads were subsequently washed twice with lysis buffer and twice with buffer A. The beads were then suspended in 40 µL of 1x SDS sample buffer, subjected to electrophoresis on a precast 4-12% gradient gel (Invitrogen) and the protein bands were visualized following Colloidal Blue staining. Proteins in the selected gel bands were reduced and alkylated by the addition of 10 mM DTT, followed by 50 mM iodoacetamide. Identification of proteins was performed by in-gel digestion of the proteins with 5 μg/mL trypsin and subsequent analysis of the tryptic peptides by LC (liquid chromatography)-MS/MS (tandem MS) on a Thermo LTQ-Orbitrap system coupled to a Thermo Easy nano-LC instrument.
Excalibur RAW files were converted into peak lists by Raw2msm [14] and then analysed by Mascot (http://www.matrixscience.com), utilizing the SwissProt human database. Two missed cleavages were permitted, the significance threshold was P < 0.05. 
Fluorescence polarisation (FP) assay
Pulldown and peptide competition assay
Wild-type (WT) Myc-tagged MO25a or the indicated mutants were overexpressed in HEK293 cells.
Cell lysates (3 mg) were treated with 3 ug of biotinylated peptides [either phosphorylated (Biotin-C12-TEDGDWEWpSDDEMDEK) or non-phosphorylated (Biotin-C12-TEDGDWEWSDDEMDEK)]. Following streptavidin-biotin pull down and washing twice with lysis buffer and twice with buffer A, the material underwent blotting for Myc.
In silico docking
Autodock Vina 1.1.2 [16] was used for docking of WEW tripeptide into the human MO25α crystal structure (PDB: 1UPK) [17] . Initially, Discovery Studio 4.5 program (Accelrys, San Diego, CA, USA) was used to prepare the pdb files of MO25 protein, WEF and WEW peptides. AutoDock Tool 1.5.6 program was used to convert pdb files into pdbqt format [18] . The Grid box was set to cover the binding site of WEF using the following coordination in the Configuration input file (size_x = 18 size_y = 14 size_z = 16 center_x = 59.026 center_y = -41.500 center_z = 4.568). The docking results were visualized and analyzed using PyMOL Molecular Graphics System 1.3.
Results and Discussion
Serine phosphorylation of SPAK and OSR1 in the WEWS motif increases MO25 binding
In order to examine the importance of the conserved serine residue in the WEWS motif of SPAK and OSR1, we synthesised two 16-mer biotinylated peptides (biotin-C12-TEDGDWEWSDDEMDEK) corresponding to amino acid residues 379-394 of human SPAK where in one peptide the serine residue adjacent to the WEWS motif was phosphorylated while it was unphopshorylated in the second peptide. In addition, we also synthesised an 18-mer biotinylated peptide biotin-C12-SEEGKPQLVGRFQVTSSK (RFQV peptide) derived from WNK1 (aa. 1006-1023), which we had previously shown that it binds to endogenous SPAK and OSR1 [3] . We subsequently incubated these peptides with HEK293 cell lysates, which endogenously express MO25. Upon streptavidin-biotin pull down, the isolated material from each sample was analysed by mass spec to identify the proteins that bound each peptide (Figure 1A) . The material pulled down by the 18-mer RFQV peptide led to the precipitation of endogenous SPAK and OSR1 as expected [3] . Interestingly, the mass spec data showed that the 16-mer WEW peptide derived from SPAK, which had the serine residue phosphorylated, pulled down endogenous MO25 while its unphopshorylated peptide counterpart did not (Figure 1B and 1C). To investigate this finding further, we repeated the streptavidin-biotin pull down from HEK293 cell lysates using the three different peptides and performed western blotting using SPAK and MO25 antibodies. The data showed that the positive control (18-mer RFQV) pulled down endogenous SPAK, while none of the other two 18-mer WEW peptides did (Figure 1D) . Strikingly, the peptide derived from SPAK bearing the phosphorylated serine residue within the WEWS motif pulled down a significantly larger amount endogenous MO25 as compared to the unphopshorylated peptide counterpart (Figure 1D) .
In order to measure the effect of SPAK S387 phosphorylation on MO25 binding, we developed a fluorescence polarisation (FP) assay that measures the binding affinity of the peptide derived from SPAK with S387 phosphorylated and that in which the same serine residue was not phosphorylated.
The data showed that the peptide derived from SPAK in which S387 was phosphorylated had a higher affinity (KD = 4.91 µM) for MO25 than its unphopshorylated counterpart (KD = 16.04 µM) ( Figure 1D ).
This ca. 4-fold difference in binding affinity correlates with the results from the pull-down assay ( Figure   1C ). Collectively, this data indicates that phosphorylation of SPAK at S387 enhances binding to MO25.
SPAK is phosphorylated at S387 in vitro and is not an autophosphorylation site
After establishing the role of SPAK phosphorylation at S387 in binding to MO25, we next investigated the possibility of SPAK S387 phosphorylation being carried out by WNK kinases. It is well known that WNK kinases phosphorylate SPAK at S373 on its C-terminal domain [5] , but there have been no reports on WNK kinases phosphorylating SPAK at S387. To address this, we initially performed an in vitro kinase assay using recombinant WNK1 (1-667) and SPAK WT followed by western blotting for SPAK S373 and S387. The data showed that SPAK was phosphorylated in vitro by WNK1 at T233 and S373 as reported previously (Figure 2 ) [5] . Interestingly, the data also showed that WNK kinases phosphorylated SPAK at S387. In addition, the data presented in Figure 2 shows WNK1 WT was able to phosphorylate the three sites on SPAK WT and SPAK kinase-dead (KD) as expected. However, no phosphorylation of any of the three residues was detected when WNK1 KD was incubated with SPAK WT confirming that none of these three phosphorylation sites, including the newly identified SPAK S387, are autophosphorylation sites.
SPAK S387 is phosphorylation is WNK-dependent in cells
In order to determine if SPAK was phosphorylated at residue S387 by WNK kinases in cells, we stimulated HEK293 cells, which express endogenously the WNK-SPAK/OSR1-MO25 signalling components, with hypotonic buffer or sorbitol for different periods of time. Both hypotonic buffer and sorbitol has been shown to activate WNK-SPAK/OSR1 signalling in cells [14] . Upon cell lysis, the lysates were subjected to western blotting for SPAK S-motif phosphorylation; S373 and S387. As shown in Figure 3A , the data shows that the treatment of HEK293 cells with either sorbitol or hypotonic buffer resulted in the phosphorylation of SPAK at S373, as has been shown before [14] .
Interestingly, the data also shows that SPAK was also phosphorylated at S387 following HEK293 cells stimulation by hypotonic buffer or sorbitol. This suggests that SPAK S387 phosphorylation is likely to be carried out in a WNK-dependent manner. Notably, OSR1 S339, which falls immediately after the WEW motif and aligns with SPAK S387, was reported to be directly phosphorylated by mTORC2 though the function of this phosphorylation site was not extensively studied [19] . To investigate whether the hypotonic buffer mediated phosphorylation of SPAK S387 that we observed in Figure 3A is WNK-or mTORC2 phosphorylation, we repeated the experiment using the specific WNK inhibitor, WNK463 [20] , and the mTORC2 inhibitor AZD8055 [21] . Confluent HEK293 cells were firstly treated with hypotonic buffer to activate WNK-signalling and then treated with varying concentrations of WNK463 or AZD8055. The results showed that WNK463 inhibited SPAK S373 phosphorylation in a concentration dependent manner as expected while AZD8055 had no effect on such phosphorylation (Figure 3B) .
Also, AZD8055 inhibited mTORC2 phosphorylation of AKT at S473 whereas WNK463 had no effect on AKT phosphorylation by mTORC2 ( Figure 3B) . Interestingly, cell treatment with WNK463 also led to a dose-dependent reduction of SPAK S387 phosphorylation while the mTORC2 inhibitor AZD8055 did not supress SPAK S387 phosphorylation (Figure 3B) . This indicated that SPAK S387 phosphorylation is likely to be WNK-dependent.
Mapping the interaction between SPAK/OSR1 and MO25
In order to understand where the conserved WEWS motif of SPAK and OSR1 binds to MO25, we performed in silico docking studies of the WEW motif into the crystal structure of MO25a (PDB: 1UPK).
The docking revealed the WEW motif from SPAK/OSR1 docked in the same pocket on MO25α where the WEF of the pseudokinase STRADa was found to bind (Figure 4A-C) [17] . This pocket had four key amino acid residues (K257, R264, K297 and K301), which appear to form interactions with the WEW motif (Figure 4A-C) . Notably, these same amino acids were verified previously as being important in binding STRADa [17] . To verify the obtained docking poses and the importance of these four amino acids, we mutated these MO25a residues and studied their effect on the MO25-dependent activation of SPAK and OSR1 kinases. Indeed, Myc-tagged MO25α mutants K257M, K257F, R264A, K297M and K301M were cloned, expressed in E.coli (Supplementary Figure S2) and studied their effect on the activation of SPAK T233E and OSR1 T185E in vitro using kinase assays as previously reported [7, 22] .
We used SPAK T233E and OSR1 T185E instead of SPAK WT and OSR1 WT as the glutamic acids mutants are introduced to mimic phosphorylation of these residues by WNK kinases [5] . The data shown in Figure 4D and E reveals that mutating K301 to methionine (M) has the strongest effect on reducing the MO25-dependent activation of SPAK and OSR1. This was followed by mutating K257 to phenylalanine (F) while mutating this residue to a less bulkier amino acid, methionine (M) in this case, did not have as a significant effect as mutating it to methionine (M). Interestingly, mutations of R264 and K297 had little effect on the MO25-dependent activation of SPAK and OSR1 in vitro.
To explore the binding of these MO25α mutations to the phosphorylated and unphosphorylated SPAK/OSR1 WEWS motif, we overexpressed the MO25α Myc-tagged mutants (K257M, K257F, R264A, K297M and K301M) in HEK293 cells (Supplementary Figure S3) . 200 μg from each cell lysate was incubated with 3 μg of either biotin-C12-TEDGDWEWSDDEMDEK or biotin-C12-TEDGDWEWpSDDEMDEK. Following streptavidin-biotin, pull down the material underwent blotting for Myc. As shown in Figure 4F , the phosphorylated WEWS peptide pulled down a more significant MO25α WT than its unphosphorylated counterpart. This is in agreement with the data shown in Figure   1D . Interestingly, none of the other mutants were found to be pulled down by either the phosphorylated or unphosphorylated WEWS peptides. The only exception is the K297M mutant, which seemed to bind the phosphorylated and unphosphorylated WEWS peptides in almost the same amount, though this was still significantly lower than the binding of the phosphorylated pep-tide to the MO25α WT. Together the data shows that K257 and K301 of MO25α play an important role in binding SPAK and OSR1 kinases.
In conclusion, we demonstrated that phosphorylation of SPAK and OSR1 in the serine residue adjacent to the WEW motif enhances binding to MO25. This serine phosphorylation is not an autophosphorylation site and in cells it is carried out in WNK-dependent manner. Furthermore, mutagenesis studies indicated key MO25a residues that are important for mediating the binding to Competing Interests: The authors declare that they have no competing interests. Following cell lysis, the cell lysates were immunoblotted with the indicated total and phospho-specific antibodies. Similar results were obtained in three separate experiments. The assays were carried out at 30 °C and were terminated after 30 min by applying 40 μL of the reaction mixture onto P81 membranes. These were washed in phosphoric acid, and the incorporated radioactivity was measured by scintillation counting as described previously for MAP kinase [7] . One unit (U) of activity represents the incorporation to the substrate of 1 nmol of γ-32 P per minute.
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